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Abstract
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Environmentally persistent free radicals, EPFRs, exist in significant concentration in atmospheric
particulate matter (PM). EPFRs are primarily emitted from combustion and thermal processing of
organic materials, in which the organic combustion byproducts interact with transition metalcontaining particles to form a free radical-particle pollutant. While the existence of persistent free
radicals in combustion has been known for over half-a-century, only recently that their presence in
environmental matrices and health effects have started significant research, but still in its infancy.
Most of the experimental studies conducted to understand the origin and nature of EPFRs have
focused primarily on nanoparticles that are supported on a larger micrometer-sized particle that
mimics incidental nanoparticles formed during combustion. Less is known on the extent by which
EPFRs may form on engineered nanomaterials (ENMs) during combustion or thermal treatment.
In this critical and timely review, we summarize important findings on EPFRs and discuss their
potential to form on pristine ENMs as a new research direction. ENMs may form EPFRs that may
differ in type and concentration compared to nanoparticles that are supported on larger particles.
The lack of basic data and fundamental knowledge about the interaction of combustion byproducts
with ENMs under high-temperature and oxidative conditions present an unknown environmental
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and health burden. Studying the extent of ENMs on catalyzing EPFRs is important to address the
hazards of atmospheric PM fully from these emerging environmental contaminants.

Graphical Abstract

Author Manuscript
INTRODUCTION

Author Manuscript

The interaction of ENMs and organic materials during thermal treatment in forming and
stabilizing long-lived EPFRs remains unaddressed. ENMs are manufactured particles with
dimension ranging from 1 to 100 nm at least in one dimension. Unlike previously identified
atmospheric gas-phase free radicals that exist for only a fraction of a second, EPFRs that are
bound to particles have lifetimes of minutes and up to several months.1,2 Such extreme
lifetimes of EPFRs allow them to be transported over long distances intact. This potential for
long-range transport present a higher risk to EPFR exposure. The inhalation of EPFRs have
been associated with a variety of diseases.3–6 Note however that exposure to EPFRs depends
on the lifetimes of airborne particles; atmospheric ultrafine particles can rapidly coagulate to
the accumulation mode (100 nm to 2.5 μm)—the atmospheric lifetimes of which is only up
to 2 weeks because wet deposition is a major sink for these particles.7

Author Manuscript

The influx of products containing ENMs on the consumer market continues to rise, and by
2020, nanotechnology is expected to contribute an estimated US$3 trillion to the global
economy.8 The behavior of ENMs subjected under high-temperature and oxidative treatment
such as during incineration of nanowaste or during accidental fires on their potential to form
EPFRs remains uncertain. In the coming years, incinerators will burn ~8600 tons/year of
ENMs globally.9 Although researchers predict that <3% of incinerated ENMs will enter the
atmosphere,9 there are reasons to be concerned not only about the inhalation of ENMs but
also from exposure to combustion byproducts (e.g., EPFRs) catalyzed by ENMs.
Additionally, the potential for exposure via inhalation of particles (the most studied) exceeds
dermal or oral routes.10
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The few studies that have investigated ENMs in solid waste and polymer matrices subjected
to thermal treatment only explored ENMs’ effect on the emission of combustion byproducts;
11–13 the release of ENMs from matrices;14,15 and the partitioning of ENMs.16 To our
knowledge, there is a lack of studies investigating the impact of materials that already exist
as nanoparticles before being incinerated on forming and stabilizing EPFRs.
Furthermore, previous studies on the effect of nanoparticles’ properties (e.g., size,
composition, etc.) on EPFRs have mimic only the formation of EPFRs on incidental
nanoparticles that are formed during combustion, but not on pristine ENMs.1,17,18 These
incidental nanoparticles formed as “islands” or nanoclusters that are supported on large
micrometer-size particles. The formation of EPFRs is not exclusive to combustion reaction;
a similar process occurs in soils that contain a high concentration of metals and organic
materials under ambient soil condition such as those in some Superfund sites.19–22

Author Manuscript

In this critical review, we present the important findings generated from over a decade of
research on EPFRs as a recently discovered class of environmental pollutants with
significant health effects. We also discuss the concepts and principles in surface science that
may underpin the basis as to the potential of ENMs to form EPFRs. We discuss the changes
to the properties of ENMs when subjected to incineration/thermal treatment and the impact
of such shifts on the formation of EPFRs. While the focus of this review is the formation of
EPFRs on surfaces, EPFRs can also form via gas-phase reactions.23 Additionally, a possible
source of EPFRs in atmospheric particles may include contribution from secondary organic
aerosol (SOA). We discuss this topic briefly, but EPFRs on SOA merits its own review.
Nature, Origin, and Emission of EPFRs.

Author Manuscript

A free radical is an atom or molecule that contains at least one unpaired electron; because of
this unpaired electron, a free radical is highly reactive. Free radicals have lifetimes typically
a fraction of a second or much less (for instance, an OH radical has a lifetime of ~10−9 s).
However, EPFRs from combustion-generated PM exist for much longer times.1,2,18,24
EPFRs are highly stable—meaning they do not easily decompose after being formed, and
are highly persistent—meaning they exhibit extremely long lifetimes (ranging from the order
of minutes to months). Lyons, Ingrams, and their colleagues, first reported the presence of
persistent free radicals in coals, chars, and soot in the 1950s.25,26 It was only after three
decades when Pryor and colleagues linked the health impacts of persistent free radicals
present in cigarette smoke by demonstrating that these pollutants undergo catalytic cycling.
27–29 However, Dellinger and colleagues were the first to describe the existence of persistent
free radicals in environmental matrices including their presence in soil and airborne PM.
19,20,29,30

Author Manuscript

EPFRs exist in different environmental matrices, including airborne PM,30 fly ash,31 and
soils.19 Only in the past decade that extensive research has begun to understand the
properties, significance, and environmental and health relevance of EPFRs.
Dellinger and colleagues observed that EPFRs are present in fine and ultrafine atmospheric
PM and induce DNA damage.29 Measurement of PM in six U.S. cities revealed significant
quantities of free radicals in PM with properties similar to that of semiquinone radicals,
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which had been confirmed by labgenerated EPFRs from burning fuels.29 Aqueous extracts
of these PM damage human lung epithelial cells and myeloid leukemia cells29—a response
identical to those exerted by an incinerators’ bottom ash.32 Since this finding, a surfaceassociated semiquinone-type radical is believed to be responsible for such damage.32
Formation of EPFRs in Combustion System.

Author Manuscript

The current conceptual model indicates that EPFRs are formed when combustion byproducts
interact with transition metal oxide on PM. Electron paramagnetic resonance (EPR)
measurement of free radicals on airborne PM revealed electronic g-factors that are consistent
with an organic species.31 The g-factor is the ratio of an electron’s magnetic moment to its
angular momentum. An unpaired electron in a different chemical environment exhibits a
unique g-factor. Hence, the g-factor indicates the nature of the paramagnetic species.
Because transition metals are known to catalyze surface-reactions and organic species
interact with the surface of nanoparticles, transition metals are a key component in forming
EPFRs.1,2

Author Manuscript

During incineration, combustion byproducts emitted from organic materials are subjected to
different temperature and pressure. The zone theory of combustion divides the process into
five distinct zones—each zone varies in the type and extent of combustion byproducts
formed.33 Of relevance to the formation of EPFRs is the surface-catalysis cool zone (zone 5)
illustrated in Figure 1. The temperature at this zone ranges between 200 and <600 °C. In this
zone, the reaction times between gas-phase species and the particle’s surface for particles
that are entrained in the flue gas are in the order of a few seconds and for particles deposited
on the walls of the reactor, reaction times are up to several hours.33 This low-temperature
region favors the formation of resonance-stabilized aromatic EPFRs on the surfaces of
particles.
Key Steps in EPFR Formation.
We synthesized EPFRs in the lab first on Cu(II)O with chlorinated and hydroxylated
benzenes and their derivatives.1 We chose Cu because it is among the most abundant
transition metals in PM.34 The prevailing conceptual model on EPFR formation suggests
that EPFRs are formed through a series of three important steps:1,17 physisorption,
chemisorption, and electron transfer.

Author Manuscript

Figure 2 illustrates the steps in the formation of EPFRs over a Cu(II)O surface. The first step
involves the physical sorption of an aromatic molecule in which the hydroxyl and/or
chlorine substituents interact with the surface of the transition metal oxide surface (Figure 2I). The second step involves the chemisorption of the aromatic molecule on the surface via
elimination of hydrogen chloride, water or both, depending on the type and number of
substituents (Figure 2-II). Fourier-transform infrared study validated the second step as the
OH stretching frequency at 3600 cm−1 disappears when the substituted benzene chemically
binds on the surface.35 The third step involves the transfer of an electron from the electronrich oxygen atom to the surface of the metal, forming an EPFR (Figure 2-III). X-ray
absorption near edge structures study revealed that Cu(II) is reduced to Cu(I) as supported
by the shift to a lower binding energy when the molecular precursor adsorbs and reacts with
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the surface of the metal oxide.36 The mechanism in Figure 2 implies that the formation of
EPFRs requires hydroxylated metal oxides. Therefore, the potential for EPFR to form
should correlate with the degree of hydroxylation as has been observed on α-Al(III)2O3 in
forming phenoxy/phenolate species.37
Computational study on the formation of EPFRs from 2-chlorophenol on a Cu2O(110):CuO
surface suggests that the dissociation of the hydrogen atom on the hydroxyl group from the
oxygen atom can form either a chlorophenoxyl radical or a chlorophenoxyl moiety.38
Cu(100) and Cu2O(110):CuO form 2-chlorophenoxy moiety to a similar extent as indicated
by the similar energies.38 Also, the orientation of the molecular precursor determines the
extent of EPFR formation: a phenol molecule that is oriented almost perpendicular to an αAl2O3 surface is more likely to physisorb37 and form an EPFR.

Author Manuscript

Since that time, the prevailing conceptual mechanism of electron transfer involves a oneelectron reduction, where the electron from the oxygen atom transfers to the metal surface,
which reduces the metal. The surface-associated EPFR mesomerizes between its keto
(Figure 2-III) and enol (Figure 2-IV) structures, forming a resonance-stabilized oxygen- or
carbon-centered radical on the surface with an intact phenyl ring.35,39 While the electron
transfer step successfully explains EPFR formation for most of the metals we studied,
Zn(II)O behaves differently as discussed later, and presumably other transition metal oxides
as well.

Author Manuscript

Aside from Cu(II)O, EPFRs form and stabilize on other transition metal oxides such as on
Ni(II)O, Fe(III)2O3, Ti(IV)O2, and Zn(II)O.1,2,18,24 The yields and lifetimes of EPFRs from
substituted benzenes formed over different transition metal oxides vary as depicted in Figure
3. The concentration of EPFRs in a lab-synthesized PM is about 1–2 orders of magnitude
higher than those in ambient PM because some of the EPFRs have decayed already.
Decay and Persistence of EPFRs.
To date, the EPFRs we studied consist of an aromatic structure confined on a surface. Hence,
these EPFRs are less susceptible to react with other molecules. The primary sink for the
EPFRs in the atmosphere is their reaction with molecular oxygen, which converts EPFRs to
molecular species. Oxygen can diffuse on the surface and can react with EPFRs. EPFRs
decay as a pseudo-first order reaction since the concentration of oxygen is much higher than
those of EPFRs.

Author Manuscript

The observed relaxation time (equivalently referred to as the 1/e-half-life, 1/e-fold time, or
natural lifetime), a measure of the EPFRs’ persistence, suggests that it depends both on the
properties of the organic molecules and metal oxide surface. We define relaxation time as
the time required for ~37% of the initial concentration to decrease when exposed to air at
ambient temperature and pressure.
The lifetimes of EPFRs measured from various substituted benzenes ranged from
approximately half an hour to over several months. Figure 3A depicts the concentration of
EPFRs bound on different metal oxides as well as the lifetime of EPFRs. The concentration
of EPFRs formed over Ti(IV)O2, Fe(III)2O3, Cu(II)O, and Zn(II)O are almost on a similar
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order (1018–1019 spins/g) except those formed over Ni(II)O surface, which is the lowest
(1017 spins/g).1,2,18,24 EPFRs formed over a Zn(II)O2 and Ti(IV)O224 surfaces persist far
longer than those that formed from similar precursors over Fe(III)2O3,17 Ni(II)O,18 and
Cu(II)O1 surfaces (Figure 3B). The relaxation times of EPFRs measured over Cu(II)O are on
the order of hours while for both Fe(III)2O3 and Ni(II)O are on the order of days. Relaxation
times for EPFRs over a Zn(II) O and Ti(II)O2 surfaces are on the order of months. Such long
relaxation times of EPFRs on Zn(II)O and Ti(IV)O2 suggest an almost a year-long presence
in ambient atmospheric PM. EPFRs on atmospheric PM2.5 exhibit three modes of decay:
fast, slow, and no measurable decay.30 The latter two decay modes attest to the extreme
persistence of EPFRs. We attribute the fast decay in both the real samples and the labsynthesized samples to the decomposition of phenoxyl radicals to cyclopentadienyl radicals.
17 The presence of an intact highly resonance-stabilized phenyl ring accounts for their
persistence,35,39 and the property of the surface itself as discussed later. The EPFRs studied
so far contain aromatic structures, which enable them to resist oxidation because of the
presence of a localized electronic system that prevents the addition of oxygen molecules.
Based on the EPR studies and insights gained from mass spectrometry, the type of EPFRs
constrained on surfaces of different transition metals include the following: phenoxyl,
chlorophenoxyl, o-semiquinone, and p-semiquinone radicals (Figure 4).1 In general,
phenoxyl-type radicals persist longer compared to an o-semiquinone both of which persist
longer than a p-semiquinone. Some of these EPFRs can decompose to the less persistent
cyclopentadienyl radical.17,40
Molecular Byproducts from the Extraction of EPFRs.

Author Manuscript
Author Manuscript

Conventional toxicity studies use solvents to extract the components in PM, which destroy
EPFRs (i.e., a free radical is converted to a molecular species) and modify the toxicity of
PM. For instance, Lichtveld and colleagues41 demonstrated that PM in which the
components have been phase separated or undergone post-treatment exhibit significantly
different toxicity from PM that has been deposited directly into the air–liquid interface of
cultured human lung cells. One may argue that in real inhalation scenario, PM will
ultimately be dispersed in a respiratory fluid. But such fluid substantially differs in chemical
properties from those of small a/protic solvents used for extracting components in PM for
toxicity studies. Although, water, a protic solvent, is the dominant component of respiratory
fluid, measurement of the persistence of EPFRs in different fractions of respiratory fluid
indicates that they remain intact for a long time (relaxation time ~3 h) in serum and bronchoalveolar lavage fluid.42 Such relaxation time is long enough to result in toxicities that were
observed in animal studies. This result suggests that other components of respiratory fluid
(e.g., proteins, surfactants, etc.) may protect EPFRs from decaying rapidly in liquid media.
Hence, assessing EPFRs toxicity requires inhalation or deposition of the PM (e.g., intranasal
deposition, instillation to the target organ, etc.). Conventional toxicity studies include only
the effect from the molecular byproducts and exclude the contribution of EPFRs.
The efficiency of extracting EPFRs from PM depends on the properties of the solvents. Polar
solvents with high dielectric constant and slightly acidic hydrogen (e.g., alcohols) efficiently
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extract EPFRs; while nonpolar solvents without donatable hydrogens (e.g., toluene) extract
them poorly.43

Author Manuscript

Reactions of free radicals that are associated with surfaces have higher activation energies.
However, when in solution, activation energies are lowered allowing for the reactions
depicted in Figure 5 to occur. Extraction of EPFRs (oxygen-(Figure 5-I) and carbon-centered
(Figure 5-II) radicals) with different solvents undergo a variety of reactions, which convert
EPFRs to molecular byproducts in solution. These reactions include dechlorination (Figure
5-III) and chlorination (Figure 5-IV). EPFRs can decompose to form cyclopentadienyl
radical (Figure 5-V), which then recombines to form derivatives of naphthalene (Figure 5VI) depending on the metal oxide surface.17 Hydrogen abstraction from the solvent
molecule converts EPFRs to the original molecular precursor, or EPFRs may recombine to
form dibenzo-p-dioxins (Figure 5-VIII) or dibenzofurans (Figure 5-X). While EPFRs are
precursors of dibenzo-p-dioxins and dibenzofurans, currently, no studies have measured the
fraction of EPFRs that recombines to form these pollutants. A substantial concentration of
EPFRs initially exists in solution, which then reacts with other molecular byproducts (e.g.,
ethers (Figure 5-IX)).17 Of course, these reaction pathways or the number and type of
products presented in Figure 5 are not exhaustive, EPFRs can undergo more reactions that
what we outlined here or with what we know so far.
EPFRs in Airborne PM.

Author Manuscript

PM is a complex mixture of liquid and solid components of metals, inorganic, and organic
species. Depending on the aerodynamic size, PM is classified into three general modes:
coarse, accumulation, and nucleation mode. A particle’s aerodynamic size is defined as the
size of a particle that has a similar settling velocity to that of a spherical particle.44 The size
distribution of coarse PM ranges between 2.5 and 10 μm; accumulation mode PM ranges
<2.5 μm to 100 nm; while the nucleation mode (also called ultrafine particles) are <100 nm.
PM’s aerodynamic size may indicate its source. Coarse mode PM originates from abrasive
physical events such as those from windblown dust, weathering, crushing, and grinding. A
large fraction of nucleation and accumulation mode PM originates from combustion sources.

Author Manuscript

EPFRs in airborne PM is associated primarily with the accumulation and nucleation mode.
Measurement of the EPFR concentration from different field campaigns in three cities in
different continents indicates that EPFRs are present in the order of 1016 to 1017 spins/g.
Gehling and Dellinger measured the concentration of EPFRs on PM near the Mississippi
River in Baton Rouge, Louisiana with a mean concentration of ~4 × 1017 spins/g PM.30
Shaltout and colleagues measured EPFR concentration in Taif, Saudi Arabia with a mean
concentration of ~4 × 1016 spins/g PM,45 whereas Arangio and colleagues measured EPFR
concentration at the rooftop of the Max Planck Institute in Germany to be ~2 × 1017 spins/g
PM.46 Arangio and colleagues measured EPFR concentration in different size fraction of
PM. Measurements indicated that PM smaller than 56 nm and those larger than 560 nm
contained no substantial amount of EPFRs.46 The highest concentration of EPFRs is at a
lower cutoff size of 100 nm.46 This result is expected as EPFRs are associated with
combustion-generated soot particles, which peaks between 100 and 200 nm.47
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Spin–trapping measurement of short-lived radicals that may result from catalytic cycling of
EPFR or reactions among the components in PM revealed that at all size fractions, carboncentered radicals are the most abundant, whereas O2.− were the least abundant.46 Hydroxyl
radical contributed 11–31% of the total trapped radical, which appears to be the dominant
species for the coarse fraction.46

Author Manuscript

Assuming that 10–50% of PM is organic carbon by mass concentration (μg/m3),7 using the
24-h National Ambient Air Quality Standard (NAAQS) PM2.5 concentration of 35 μg/m3
and 70% of PM originates from combustion sources,48 and an EPFR concentration of 1010
radical/μg indicates that in airborne PM, EPFRs contribute at least ~2 × 10−4% relative to
the organic fraction. While this amount is low, health effects studies in rodents3,5,49,50
demonstrate significant adverse effects attesting to the potency of EPFRs. The amount of
EPFRs adsorbed on PM in different cities are expected to vary depending on the extent of
combustion emission sources for that area. We predict that PM in Beijing, China, or New
Delhi, India will contain higher EPFR concentration per mass of PM than those of London,
UK or Paris, France.
Given the concentration of EPFRs in PM, Gehling, and Dellinger compared it to the amount
of EPFRs on cigarette smoke with the average 24 h U.S. NAAQS, which suggests that
inhalation of PM2.5 containing EPFRs is equivalent to smoking one cigarette every 3 days.30
However, the amount that enters into the respiratory system may be lower or higher because
PM deposits in the different regions of the respiratory tract at varying extent depending on
size.51,52

Author Manuscript
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PM resulting from primary emission in combustion (including biomass burning) or thermal
processing may not be the only source of EPFRs in the atmosphere. SOA may contribute
substantially to EPFRs in atmospheric PM. First, SOA constitutes most of the organic
fraction in PM2.5 that result from the multigenerational oxidation of VOCs53 or from the
multiphase chemistry of VOC-derived oxidation products.54 Second, SOA constituents are
multifunctional monocyclic or polycyclic aromatic products, furans, aldehydes, etc., some of
which may be resonance-stabilized and EPFR-like in their molecular structures. Organic
components in SOA containing aromatic ring: oxidation products of aromatic VOCs (e.g.,
benzene, toluene, xylene, and ethylbenzene) and PAHs; naturally occurring organics in
tropospheric particles such as retene, 5,6,7,8-tetrahydrocadalene, dehydroabietic acid,
calamenene,55,56 and similar structures are possible candidates to form EPFRs. Third, recent
works have shown that isoprene-derived SOA57–60 and other types of SOA61,62 induce
oxidative stress and inflammation—similar responses elicited by EPFRs. Current knowledge
suggests that transition metal-containing particles are required for EPFRs to form. Transition
metals constitute a significant component in SOA63 where they can form complexes with
organic species.64,65 Ascertaining the contribution of SOA as a source of EPFRs requires
answering many knowledge gaps. For instance, whether tropospheric temperature is
sufficient to drive the reaction, which is lower than those existing in the postcombustion
zone or if the reaction can be driven photocatalytically. To date and to our knowledge, no
one has measured EPFRs contained in SOA either in ambient atmosphere or in the lab.
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Inhalation of atmospheric PM along with the combustion byproducts that are adsorbed on
them is implicated in a variety of cardiovascular,5,49 respiratory,3 immunological, and lately
may be linked to possible neurodegenerative responses.66 Here, we refer to EPFRs as
persistent free radicals bound to a surrogate PM. The studies presented in this section had
used a control surrogate PM that did not contain EPFRs. Toxicological studies in murine
(rodents) models have implicated EPFRs with cardiovascular and respiratory dysfunctions;49
an increased potential for developing asthma;3 reduced blood supplies and ischemia;5 and an
increased likelihood of influenza infection.6

Author Manuscript

Studies from Cormier and colleagues associate exposure to EPFRs with a variety of diseases
as gleaned from numerous in vitro and in vivo studies performed in rodents and some human
cells lines.49 BEAS-2B cells exposed to EPFRs exhibited cytotoxic response.49 This result
correlates with the ability of the EPFRs to amplify cellular oxidative stress leading to a
diminished antioxidant defense as well as an increase in lipid peroxidation.49
Exposure to a high level of lab-prepared PM that contained EPFRs correlates with the
exacerbation of the risk of an asthma attack in infants and children.4 EPFRs in PM may
significantly contribute to this effect. Seven-day-old neonatal rodents exposed to EPFRs
develop significant pulmonary inflammation and lung dysfunction (airway hyperactivity).4
This response correlated with higher levels of oxidative stress in the lungs, altered
expression of some proteins associated with oxidative stress, and the regulation of
glucocorticoid receptor that is translocated in T-lymphocytes.4

Author Manuscript

In vivo exposure of infant rats to EPFRs results in airway hyper-responsiveness to
methacholine, a marker for asthma.67,68 At high concentration, EPFR exposure induces
necrosis; while at low concentration, EPFR exposure leads to a more permeable lysosomal
membrane, an elevated level of oxidative stress, and enhanced lipid peroxidation.67,68 In
neonatal rodents that were exposed to EPFRs, their airway epithelial cells transform into
mesenchymal cells, which increases the risk of asthma.67,68
While early exposure of infants to elevated levels of ambient PM, which should contain
EPFRs enhances the risk of developing asthma,69–71 epidemiological studies suggest that
mothers exposed to ambient PM are more likely to have offspring with childhood asthma as
well.50 In utero exposure to EPFRs induces systemic oxidative stress.72 This reaction
enhances postnatal asthma development in the offspring of the exposed mothers compared to
nonexposed ones.72

Author Manuscript

Inhalation of EPFRs also alters the phenotype and function of bone marrow-derived
dendritic cells and the subsequent T-cell response.73 EPFRs directly induce dendritic cells to
mature, the extent of which is sensitive to particle uptake and the level of oxidative stress
induced by the EPFRs.73 In adult animals, EPFRs induce a phenotypic change in proinflammatory cells (Th17) in the lungs, accompanied by a significant formation of
pulmonary neutrophilia, which indicate the onset of severe asthma.73 These data suggest that
exposure to EPFRs may contribute to the development and severity of asthma in humans.73
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In addition to pulmonary inflammation, EPFRs induce cardiac inflammation.5 EPFRs
decrease left ventricular function before and after ischemia (reduced blood flow), and
reperfusion (increased blood flow, I/R) in vivo in male rats, which lead to a decreased
systolic and diastolic functions.5 However, after ischemia, only the systolic function
significantly decreased.5 EPFRs produce inflammation and significantly decrease cardiac
function at baseline and after I/R in vivo, suggesting that EPFRs may be a risk factor for
cardiac toxicity in healthy individuals and those with ischemic heart disease.5
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Studies suggest a link between PM and increased severity of respiratory tract infections.74,75
Aside from respiratory and cardiovascular effects, exposures to elevated levels of EPFRs
enhance the severity of virus infection in infant mice.6 Exposure to EPFRs during infancy
led to pulmonary oxidative stress and enhanced the severity of influenza.6 Mice, less than 7
days old, exposed to EPFRs for seven consecutive days, and then infected with Influenza A
virus has significantly enhanced morbidity and decreased survival that is dependent on dose.
6 Reduction of EPFR-induced oxidative stress attenuated these effects.6 In another study on
e-cigarettes, which also contain EPFRs, mice that were infected with Streptococcus
pneumonia and Influenza A then exposed to e-cigarette vapors exhibit an impaired
pulmonary bacterial clearance as well as elevated morbidity from the virus.76 The
combination of uptake of EPFRs and resulting oxidative stress increase morbidity and
mortality via a mechanism involving T-regulatory cells.6
However, caution is needed to translate these results to human implication because there are
no studies directly linking EPFRs to human health effects; only studies of PM that contain
EPFRs eliciting human health effects such as those we have observed in rodents and human
cell lines exist.
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Chemical Basis of EPFR Toxicity.
Unlike molecular contaminants, the adverse effects associated with inhaled PM that contain
EPFRs arise not only from the molecular byproducts formed when EPFRs recombine, but
also because EPFRs catalytically amplify the formation of reactive oxygen species (ROS).77
The toxic response primarily associated with PM is through the generation of ROS,78–80
which include hydrogen peroxide, superoxide, and hydroxyl radical, the latter, being the
most damaging of all the ROS.81–84

Author Manuscript

Khachatryan and colleagues established the chemical basis of the toxicity of EPFRs in liquid
media, which may likely be the mechanism in a biological system.77 Electron paramagnetic
resonance measurement and spin trapping techniques demonstrated that at an incubation
time of ~2 h, a single EPFR generates 10 ROS via catalytic cycling. Figure 6 illustrates the
catalytic cycling of superoxide anion radical (O2.−) induce by for a semiquinone-type EPFR.
Considering the amount of EPFRs on PM that range from 1016 to 1017 spins/g PM indicate
that a substantial amount of ROS is produced.
In a biological system, and in the presence of biological reducing agents like NADPH,
superoxide anion radical can dismutate to hydrogen peroxide (Figure 7-II)).85 Hydrogen
peroxide forms hydroxyl radical via Fenton or Fenton-type reactions (Figure 7-III).86
Exogenous Fe in PM exist as Fe(III) rather than Fe(II) and are immobilized in PM,87 and so
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are other metals, and therefore, inactive toward Fenton/Fentontype reactions. However,
superoxide can attack iron–sulfur cluster proteins, which are present in many biological
systems.88 Once Fe is liberated from these proteins, it is available to participate in Fenton
reaction.88
EPFR Formation from Unsubstituted Benzene.

Author Manuscript

Based on previous results,1,18,17,89,90 it appears that the aromatic precursor requires an
easily donatable proton, such as those in phenol, or that it should contain electronegative
atom such as chlorine to form a chemisorbed species on the surface by eliminating H2O,
HCl, or both. Our earlier studies only used aromatic precursors that contained hydroxy- and
chlorinesubstituents.1,18,17,89,90 The hydrogen atoms on benzene are less likely to react with
the transition metal oxide surface because such reaction will perturb and diminish benzene’s
aromaticity. Will an aromatic species without a donatable hydrogen atom (benzene) form
EPFRs that are stable and persistent?
Density functional theory (DFT) study by D’Arienzo and colleagues suggests that EPFRs
can form from benzene on Cu(II)O.68 DFT calculation suggests that the benzene ring
donates 0.5 e− to the O atom on the metal oxide surface.68 In the initial step of formation, O2
activates the Cu(II)O, which forms an epoxide-like structure with an energy of adsorption of
23.9 kcal/mol.68 Then, benzene physically interacts with the activated surface, in which the
C atom on benzene bonds with the surface O atom on Cu(II)O.68 Abstraction (transfer) of H
atom from the benzene ring forms a phenolate species, and electron transfer forms a
phenoxyl radical.68

Author Manuscript

Experimental validation of the DFT calculation using ~5 nm Cu(II)O nanoparticles
supported on a surface generated a broad anisotropic EPR signal that contains unresolved
hyperfine coupling interactions.68 The authors ascribed the EPR signal consistent with a
tetragonal symmetry to a d9-Cu(II) center overlaid to an organic spectrum. The free radical
exhibited a g-factor of 2.0030, a characteristic of an organic free radical, which the authors
assigned to a phenoxyl radical derived from oxidized benzene.68 However, only a low
concentration of EPFRs was formed from benzene68 compared from those of substituted
benzenes.1 Forming a phenoxyl free radical is less likely since it disrupts the aromaticity of
the benzene ring.
The adsorption of benzene did not result in a measurable shift in the X-ray photoelectron
spectrum.68 Although, the author noted a diminished intensity of Cu resonance suggesting
the reduction of Cu(II) to Cu(I).68

Author Manuscript

The study did not assess the EPFRs’ persistence. A free radical under vacuum does not
necessarily translate to a persistent free radical under ambient temperature and pressure. But
given the persistence of phenoxyl radical, we expect EPFRs that were formed from benzene
to exhibit similar lifetimes as those observed for EPFRs on Cu(II)O in our earlier studies.1
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ALTERNATIVE MECHANISM OF EPFR FORMATION
While the conceptual mechanism described in Figure 2 successfully explains the formation
of EPFRs on Cu(II)O, Ni(II)O, Fe(III)2O3, and Ti(IV)O2 surfaces, this view is inconsistent
for EPFRs that are formed over a Zn(II)O surface. During initial work conducted on EPFR
formation of Zn(II)O, the question emerged whether EPFRs would form. The d-orbitals of
Zn(II) are filled; electron distribution within the d-orbitals would remain the same even if an
aromatic species associates as a high- or low-spin complex. If indeed the one-electron
charge-transfer is a key step in forming EPFRs, in the case of Zn(II)O, EPFRs should not
form at all because Zn(II) will be reduced to a nonexistent oxidation state, Zn(I).
Surprisingly, stable EPFRs form on a Zn(II)O surface.2 Even more surprising, these EPFRs
persist with the longest-known relaxation times to date.2

Author Manuscript

Studies performed over a single Zn(II)O (1010, 0001) crystal using phenol as a molecular
precursor by Thibodeaux and colleagues demonstrated that the electron transfers from the
Zn(II)O surface toward phenol.90 Additionally, the adsorption of phenol does not form
metallic Zn.90 These results demonstrate that electron transfer highly depends on band
bending.90 Band bending is the shift in energies of the valence and conduction bands of the
material. For Zn(II)O, whether a partial or full charge transfer occurs is unknown. Clearly,
more theoretical and experimental studies are needed to understand reactions dictating the
formation of phenoxytype EPFRs on Zn(II)O. These findings contradict the prevailing
conceptual model on EPFR formation, and therefore the mechanism presented in Figure 2
cannot be generalized. These results imply that EPFRs can form via other mechanisms.

Author Manuscript

In the succeeding sections, we present an important research focus on why ENMs may form
EPFRs and the conditions at which EPFRs may form. We hypothesize that band bending can
facilitate charge transfer easily between an unsupported ENM surface and a molecular
adsorbate, depending on size. An important condition is that ENMs must survive and remain
intact after incineration to form and stabilize EPFRs. ENMs have lower melting point,
hence, are susceptible to physicochemical changes, which may impact the formation of
EPFRs. We present findings from previous studies as direct and indirect evidence for the
formation of EPFRs on unsupported ENMs.
Role of Band Bending in ENMs on EPFR Formation.

Author Manuscript

Over the past decade, significant progress has been made in understanding the formation and
nature of EPFRs. However, large knowledge gaps still exist, for instance, how EPFRs may
form on emerging contaminants such as in pristine unsupported ENMs. The prevailing
conceptual mechanism assumes that only transition metal oxide surfaces and substituted
aromatic structures can react to form EPFRs. The study presented above clearly
demonstrates that aromatic structure without substituents (benzene) forms an EPFR as well.
68

Previous studies mimic the formation of EPFRs over nanoparticles supported on a large
micrometer-sized surface,1,17,18 which simulated EPFR formation on surfaces of incidental
nanoparticles. Will EPFRs form on particles that are unsupported pristine engineered
nanoparticles? We hypothesize that because the band gap for ENMs exhibit size-dependence
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and thermally excited electrons may easily cross the band gap, some ENMs, depending on
size, electronic, and chemical properties may form EPFRs. Therefore, ENMs may form
EPFRs with properties that potentially differ from those observed over incidental
nanoparticles (those supported on surfaces)—more importantly, their persistence. The
insight obtained from the previous study that electrons can move in both directions
(nanoparticle-to-organic moiety and from the organic moiety-to-nanoparticle) implies two
important consequences. First, ENMs that are unsupported on an insulating or a
semiconducting layer (i.e., the absence of Schottky contact) can form EPFRs. Thermal
perturbation, as in the case of incineration or thermal treatment, can enhance electron
transfer, for instance, an electron traversing a band gap and an electron moving between the
energy levels of molecular orbitals of a donor/acceptor molecule.91 Second, nanoparticles
with surface chemistry other than that of transition metals (i.e., carbonaceous nanoparticles)
can form EPFRs if the nanoparticles survive incineration and exit into the postcombustion
zone intact. Evidence for the persistence of carbonaceous nanoparticles is discussed in the
next section.
As demonstrated by Thibodeaux and colleagues, band bending dictates the movement of an
electron on Zn(II)O surface to phenol.90 Using the equation developed by Alberry and
Bartlett for a large spherical semiconductor particle with radius ro ≫ D, where D is the
depletion layer (the region without charge carriers). Zhang and Yates91 approximated that
the extent of band bending follows:

V BB ro

Author Manuscript

For a small particle, in which ro <

eN dD2
=
2εrεo

(1)

3D, the surface band bending is

V BB ro

eN dro2
=
6εrεo

(2)

In these equations, VBB is the magnitude of band bending, e is the electronic charge, Nd is
the dopant concentration, ro is the radius of the particle, εr is the relative dielectric constant,
and εo is the permittivity of vacuum.

Author Manuscript

For pristine nanoparticles (i.e., undoped), this approximation indicates that VBB for small
particle depends on ro and εr. VBB will increase with larger particle size. An extremely small
nanoparticle will induce small VBB or may even be negligible92,93 as illustrated in Figure 8.
A nanoparticle with a low εr will increase VBB. For instance, VBB for Zn(II)O will be higher
than Ti(IV)O2 because of the lower εr value for Zn(II)O.94 Different surfaces induce
different electric fields affecting the lifetime of the electron, and hence the lifetime of the
free radicals. The lower dielectric constant for Zn(II)O compared to Ti(IV)O294 may explain
the slightly longer lifetimes of EPFRs generated over Zn(II)O2 than for Ti(IV)O2.24
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Although, EPFRs bound to both metals have a similar order of persistence and are among
the most persistent.2,24

Author Manuscript

Charge-transfer between a nanoparticle and an adsorbate depends on (1) the excitation of the
charge carrier from the valence band to the conduction band and (2) the extent and direction
of band bending (Figure 8). Both properties depend on particle size.95 The presence of a
donor–acceptor molecule on the surface affects the probability of charge-transfer from the
surface to the adsorbate, depending on direction and extent of band bending.96 Molecules
that donate electrons promote downward band bending,96 whereas those that accept
electrons promote upward band bending. Figure 8 illustrates upward band bending (VBBS
and VBBL) induced by a donor molecule. As shown in Figure 8, the adsorption of a molecule
on the surface of the particle lowers the energy of the lowest energy unoccupied molecular
orbitals of the acceptor molecule to near the Fermi level (the energy level for a collection of
surface electrons at absolute zero).
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Band gap energy is the energy difference between the conduction and valence bands. For an
ENM with a band gap energy similar to that of semiconductor (~4 eV),97 electrons in the
valence band can be excited thermally to the conduction band at a sufficiently high
temperature. Band gap energy decreases as a function of temperature as in the case of
silicon.98 Some ENMs such as C60-fullerene and single-walled carbon nanotubes have band
gap energies of 1.9 eV99 and <0.1 eV,100 respectively, which are well below those of
semiconductors. For nanoparticles, band gap energy increases with decreasing particle size
(r) by 1/r2.97 However, if the band gap energy for a small nanoparticle is considerably higher
(but lower than the bulk material), the high temperature even at the relatively low
temperature of the cool zone of combustion may be sufficient to enhance the probability of
charge transfer into the conduction band. We hypothesize that charge transfer can occur
either to the nanoparticle or to the organic molecule for small silica nanoparticles that can
form and stabilize EPFRs. Therefore, ENMs may generate higher concentration of EPFRs
compared to incidental nanoparticles even at a lower temperature.
Emission of Carbonaceous Nanoparticles During Thermal Treatment.
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If carbonaceous nanoparticles—fullerenes and carbon nanotubes—are to form EPFRs, they
should first survive incineration. In our study on the incineration of ENMs with solid wastes,
a significant fraction of C60-fullerenes survived incineration at 850 °C.16 In isolation, C60fullerene completely oxidizes at 500 °C.101 Extensive penetration of C60-fullerenes into the
matrix as well as polycyclic aromatic hydrocarbons and soot effectively coating C60fullerenes render them less susceptible to oxidation.16 Aside from fullerenes, single-walled
carbon nanotubes incorporated in polymer matrices are released unmodified both as isolated
or bundled fibers when thermally treated.102 Many ENMs are incorporated in polymer
matrices, in which we expect a greater fraction of them to remain intact even after
incineration.15 These results suggest that ENMs that survive intact after incineration have
the potential to form EPFRs.
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Our earlier work on the incineration of ENMs suggests the potential of ENMs to form
EPFRs over their surfaces. While we did not measure the concentration of EPFRs formed
during the incineration of ENMs with surrogate wastes, the presence of a high concentration
of dibenzofurans, but not dibenzo-p-dioxins, suggests that some ENMs, notably silver and
anatase-Ti(IV)O2 favor the formation of surface-bound free radicals.13 The formation of
dibenzofurans proceeds through the recombination of surface-bound free radicals
(Langmuir–Hinshelwood mechanism), whereas a gas-phase molecule can recombine with a
surface-bound radical to form dibenzo-p-dioxins (Eley–Rideal mechanism).30,84

Author Manuscript

Figure 9 illustrates the recombination of two carbon-centered radicals (Figure 9-IV) to form
chlorinated dibenzofuran (Figure 9-IX) over the surface of silver.16 Ti(IV)O2 may undergo a
similar mechanism with the reduction of Ti4+ to Ti3+ and subsequent formation of a surfacebound radical that recombines to dibenzofuran.16 The high emission of dibenzofurans
indicates that Ag and anatase-Ti(IV)O2 form high amount of EPFRs from the combined
effect of the high specific surface area and the type of transition metal. In the case of Ag, an
indirect evidence of EPFR formation is that the measured d-spacing of 2.01 Å agrees with
the distance for an Ag–O system (2.04 Å).103 Additionally, the d-spacing of 4.01 is close to
the d-spacing of 4.09 Å, which suggests chemisorbed oxygen on the surface of Ag.103
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In our previous studies, we did not observe EPFRs forming on micrometer-size silica
particles that we used to support the nanoparticles, presumably because of the large band
gap energy in bulk silica (~9.0 eV).104 However, for a silica nanoparticle, the band gap
energy may be lower than that of bulk silica, which then may form EPFRs. Additionally,
when a donor or acceptor molecule interacts with a smaller particle (e.g., nanoparticle), this
interaction lowers the energy of the empty molecular orbital inducing band bending, as
observed for phenol.91,105 Thus, smaller particles are more likely to facilitate charge-transfer
between the nanoparticle’s surface and into the energy level of a donor–acceptor molecule.
Patterson and colleagues demonstrated that 18 nm Zn(II)O nanoparticles form EPFRs even
at room temperature89—the lowest temperature in which EPFRs have been observed to
form.
Impact of the Physico-Chemical Changes of ENMs on EPFR Formation.
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Transformations of ENMs can influence their effects on pollutant formation. Melting points
of nanoparticles decrease with particle size.106,107 Thus, when incinerated or thermally
treated, nanoparticles are susceptible to changes in size, morphology, and crystalline phases.
Our earlier studies suggest that some ENMs, for instance, Ag and CdSe/ZnS quantum dots
became larger than the original nanoparticles.16 Incinerated ENMs may result in gross
changes in size and morphology.16 Although some ENMs may not display such changes, for
some crystalline ENMs, phase transition may occur.16 Phase transition for some bulk
crystalline compounds occurs well below the temperature used in conventional incinerators,
less so for ENMs because of their small particle size and higher surface energies.108,109 For
some solids; phase transition drastically alters their properties such as optical and catalytic
activities.110 Anatase-Ti(IV)O2 is more photocatalytically active compared to its rutile phase
because charge carriers that are buried deeper in the bulk structure of anatase-Ti(IV)O2
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nanoparticle can be excited easily to participate in surface reactions compared to rutileTi(IV)O2.110 Depending on size, the initiation transition temperature for anatase-Ti(IV)O2
(520 to 850 °C)111,112 to transform into its thermodynamically more stable rutile phase is
well below those used in incinerators. Different crystal structures may affect EPFR
formation at varying extents. For instance, the formation of polycrystalline intermetallic
phases of Pd/Sn nanoparticles diminished the catalytic activity of the face-centered cubic
phase in oxidizing carbon monoxide.113 Photocatalytic and thermal catalytic activities of
ENMs with different phases might have higher activity than those containing a pure phase.
114 For instance, Degussa-P25 TiO , which contains both rutile and anatase phases exhibits a
2
higher catalytic activity compared to the pure phases alone.114 Conversion of ENMs and the
coexistence of multiple crystalline phases may enhance or decrease the formation of EPFRs.

SUMMARY AND OUTLOOK
Author Manuscript

EPFRs are formed when combustion byproducts interact with transition metal oxide surface
at the surface-catalysis cool combustion zone. Unlike previously identified atmospheric free
radicals that typically have lifetimes of only a fraction of a second, EPFRs are unique
because of their extreme persistence on the order of several minutes to months. Therefore,
EPFRs comprise a class of pollutant with important environmental and health implications.
EPFRs in airborne PM are associated with the accumulation and nucleation mode and exist
in sufficient concentration to induce adverse health effects observed by us and others in
animal and cell models. The earlier conceptual thought on the formation of EPFRs is that
they form through a series of steps: physisorption, chemisorption, and electron transfer.
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To date, toxicological studies have implicated PM containing EPFRs in a variety of
cardiovascular and respiratory dysfunctions and increased susceptibility to influenza
infection in vulnerable populations. Toxicological effects of EPFRs arise not only from the
molecular byproducts that result from the recombination of EPFRs and subsequent
conversion to molecular byproducts but more importantly from ROS that are generated from
the catalytic cycling of EPFRs.
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Over the past decade, significant progress has been made in understanding the nature of
EPFRs. However, significant knowledge gaps still exist. Earlier laboratory studies on EPFRs
have been constrained only on surfaces of transition metal oxides and molecular precursors
containing substituted aromatic structures synthesized above 150 °C. Moreover, these
studies mimic EPFR formation on nanoparticles that are supported on a larger particle.
Recent studies demonstrated that EPFRs can form from an aromatic molecule without
substituents; and electron can transfer from the metal surface to the organic molecule—
contrary to the prevailing conceptual thought that electron transfer proceeds exclusively
from an organic molecule to the surface of a transition metal oxide. These results imply that
EPFRs can form via other mechanisms.
ENMs have lower band gap energy compared to their bulk counterpart; and the extent of
band bending for ENMs depends on size. Therefore, ENMs are likely to produce EPFRs.
Nonmetallic ENMs (fullerenes, carbon nanotubes, or nanosilica) can potentially form
EPFRs as they exhibit “metallic” character because of their band gap energies. Because
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nanoparticles exhibit lower melting points, they are susceptible to changes in size,
morphology, and crystalline structure during high-temperature and oxidative treatment,
which may influence EPFR formation. Because of band bending, and the nature of the
adsorbate, we hypothesize that the formation of EPFRs may be more common than initially
thought, and that EPFRs can form on surfaces other than those on transition metal oxides.
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Currently, no extensive studies have been conducted on the role of ENMs that are
unsupported on a larger particle in forming EPFRs. The surface, physical, and chemical
properties of ENMs may affect the type, concentration, and properties of EPFR that may
differ substantially than those formed over nanoparticles that are supported on a larger
particle. Answering research questions regarding EPFRs and ENMs will generate data that
will help mitigate future adverse impacts of ENMs. As emerging environmental
contaminants, understanding the role of ENMs in forming EPFRs is critical to fully assess
the environmental and health risk associated with atmospheric PM.
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Figure 1.

Zone theory of combustion. Recombination of atoms or small molecules in the flame zone
forms hydrocarbons (HCs), chlorinated hydrocarbons (CHCs), and brominated hydrocarbons
(BHCs) in the post flame zone as the temperature decreases. Surface-mediated reactions
catalyzed by transition metals at temperature lower than 600 °C form polychlorinated
dibenzofurans (PCDFs), polychlorinated dibenzo-p-dioxins (PCDDs), and polycyclic
aromatic hydrocarbons (nitro-PAHs and oxy-PAHs). Adapted from Cormier et al., 2006.
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Figure 2.

Conceptual mechanism of EPFR formation on a Cu(II)O surface.
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Figure 3.
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(A) Concentration of EPFRs formed on various transition metal oxide surfaces. EPFR
concentration in airborne PM is in the order of 1016 spins/g (1 spin equals 1 free radical).
EPFR concentration for Al(III)2O3 is unavailable. (B) Relaxation times of EPFRs formed on
different metal oxide surfaces range from ~0.4 h to 2.5 months. We define relaxation time as
the time required for ~37% of the EPFR concentration to decrease. Values used in the graphs
were obtained from refs 1, 2, 17, 18, and 24.
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Type of free radicals responsible for the long lifetimes in PM. Phenoxyl radicals (I and II)
are more persistent than o- and p-semiquinone radicals (III and IV). Adapted from Lomnicki
et al., 2008 with permission from the American Chemical Society. Copyright 2008.
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EPFRs are converted to molecular species by several reaction pathways, including,
chlorination, hydrogen abstraction that converts them to their initial structure, and
recombination reactions that produce dibenzofurans, dibenzo-p-dioxins, and biphenyl ethers,
or biphenyls. For clarity, we omitted surface representation for structures I, II, and V. These
free radicals are formed on surfaces as labeled. Organic structures that are formed on
surfaces are labeled with “surfaces”, otherwise, the species are formed in solutions. Adapted
from Truong et al., 2010 with permission from the American Chemical Society. Copyright
2010.
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A semiquinone-type radical (C) reduces molecular oxygen to form a superoxide anion
radical by catalytic cycling. Superoxide anion radical can dismutate to hydrogen peroxide
and produce hydroxyl radical via exogeneous Fenton/Fenton-type reactions. Adapted from
Khachatryan et al., 2011 with permission from the American Chemical Society. Copyright
2011.
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Figure 7.

A surface-bound chlorophenoxyl EPFR reduces molecular oxygen to superoxide, which
dismutates to hydrogen peroxide and produce hydroxyl radical via exogeneous Fenton/
Fenton-type reactions.
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Band bending of a donor molecule for small and large particles. CB and VB are the
conduction band and the valence band, respectively. VBBS and VBBL refer to the magnitude
of band bending for small and large particles, respectively. A small particle has a lower
magnitude of VBB whereas a larger particle has a higher magnitude VBB. Adapted from
Albery, 1984 and Zhang and Yates, 2012 with permission from the American Chemical
Society. Copyright 1984 and 2012.
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Figure 9.

Hypothesized mechanism of the formation of dibenzofuran from recombination of a surfacebound free radical on a silver oxide surface. Adapted from Vejerano et al., 2013 with
permission from the American Chemical Society. Copyright 2013.
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